Rationale and Objectives: Radiology expertise is dependent on the use of efficient search strategies. The aim of this study is to investigate the effect of teaching search strategies on trainee's accuracy in detecting lung nodules at computed tomography.
INTRODUCTION

P
erceptual errors account for a substantial part of misdiagnoses in radiology (1) and can be related to the search behavior of the observer (2) . For educational purposes, it is important to identify which visual search patterns are most effective and to investigate if teaching search strategies improves perception.
Visual search characteristics that are related to expertise and high performance have been identified in various radiology perception tasks (3) . For example experts tend to fixate on abnormalities faster (4-6) and need less time and a smaller number of eye fixations to inspect the image (7, 8) . These characteristics derive from experience, and they lack an underlying structure that can be taught to novices.
Some specific visual search patterns are found to be related to high performance (4, (9) (10) (11) . Most patterns apply to visual search in X-rays, such as chest X-rays or mammography. Two visual search types are distinguished for searching chest computed tomography (CT) images: "scanners" and "drillers" (11) . Scanners tend to visually search a single slice, before scrolling further through the stack, whereas drillers focus their eyes on one quadrant of the lung fields and quickly scroll through the stack in depth before moving to another quadrant. Drillers outperformed scanners with respect to higher true positive rates and a larger lung coverage (11) . One interesting finding was that, when given the option to search freely, more experienced readers tend to select "drilling" as a search pattern (the more effective pattern), suggesting it might be a pattern that has, consciously or unconsciously, evolved through instruction or practice. The relationship between search patterns and experience has been noted in several other studies (4, (9) (10) (11) , although it is unknown if experts unconsciously adopt these patterns or deliberately chose or had acquired one, as a strategy.
Teaching junior trainees to use expert search strategies may not necessarily be effective. First, learning the strategy may not be easy, particularly given that most experts acquire their behaviors after years of practice. Second, the improvement in perceptual performance that comes with experience is probably due to multiple factors. Knowledge gained and feedback received are known to be critical factors in developing visual expertise (12) (13) (14) (15) . Therefore, it is not evident that learners' perceptual performance will improve simply by using the search strategies of experts. However, some perceptual tasks, such as finding lung nodules on chest CT scans, do not depend on a large knowledge base, and therefore teaching a search strategy may improve detection. Experimental studies may be beneficial to determine if search patterns can be taught to junior observers, and if this can improve perceptual performance.
The aim of this research study is twofold: (1) to investigate if drilling and scanning search strategies can be taught to junior radiology trainees, and (2) to compare the effect of teaching each search strategy on trainee's perception accuracy of lung nodule detection. We hypothesized that junior radiology trainees could adopt a new search strategy after instruction and that the use of a drilling strategy would improve the trainees' perceptual performance compared to a scanning strategy.
MATERIALS AND METHODS
Design
An experimental study was conducted to compare the effect of two teaching methods on perceptual performance. A randomized crossover design was chosen to adjust for individual variation in performance, differences in search strategies prior to any search strategy instruction, and possible differences in search behavior due to the sequence of the search strategy instructions. The design is illustrated in Figure 1 .
Study Population and Procedure
Over a 3-month period, 19 (70%) first and second-year radiology trainees of a US academic medical center's radiology residency program enrolled in the study. Participants were randomly divided into two groups: both groups first watched an instructional video that provided lung nodule definitions. For the purpose of the study, a pulmonary nodule was defined as a solid opacity with a diameter greater than or equal to 3.0 mm. Ground glass or calcified nodules were not included. The instructional video showed examples of true nodules and also addressed other pulmonary abnormalities that were not considered nodules, such as consolidations, linear densities, pleural irregularities, and apical scarring, all illustrated by examples. Study participants then completed a pretest using free search (Test 1).
After the free search test (Test 1), group A started with the drilling instruction video, followed by Test 2, the scanning instruction video, and Test 3. Group B received the scanning and drilling instruction in opposite order. The drilling instructions explained the drilling search strategy: mentally dividing each lung into three regions (anterior, middle and posterior) and scrolling through each region individually, while keeping the eyes fixated in that region. The scanning instruction explained the scanning search strategy: reviewing all visible lung parenchyma at once (both sides), while slowly scrolling down, image by image.
In all three tests, participants were asked to mark as many true pulmonary nodules as possible, while avoiding marking any foci not meeting the study's definition of a true nodule. There was a time limit of 4 minutes per case.
The digital assessment program VQuest (www.vquest.eu) was used for the viewing and marking of lung nodules. This program is designed to deliver tests containing volumetric images, and allows for registering all scroll movements and mouse clicks. During the tests, participants could scroll through the stack of images, zoom in or out, adjust contrast settings, and measure findings. All stacks were viewed in axial plane. To select a lung nodule, participants were instructed to place a marker by clicking in the center of the nodule.
Tests
Tests 1, 2, and 3 were unique tests, each containing seven volumetric pulmonary CT scans. In total, each test consisted of 31 true nodules spread out over the seven CT scans. Nodules were 3 to 6 mm, with an average of 4 mm. The scans were retrieved from the picture archiving and communication system of the institution and were reviewed by two experienced radiologists (with 10 and 5 years of experience). Disagreement was resolved in consensus format. The selected chest CT scans had, on average, 349 slices, and slice thickness was 1.25 mm in all cases. The tests were made as equivalent as possible, by means of a test blueprint (Table 1) . Each test was similar with regard to total number of nodules, the size of the nodules, the distribution of cases with fewer and more nodules, and the distribution of easy versus difficult cases. Nodules attached to vessels, bronchi, mediastinal structures, or diaphragm were considered difficult, whereas all other locations were considered easy. Participants completed a short questionnaire to evaluate the study setup and to determine how participants searched for nodules in case of free search and how they perceived the two instructed search strategies. Response formats were a fivepoint Likert scale (5 = strongly agree, 4 = agree, 3 = undecided, 2 = disagree, 1 = strongly disagree), dichotomous (yes or no), or open. The survey questions are listed in Appendix S1.
Analysis
Reliability of the true positive (TP) scores was estimated with Cronbach's alpha, using the true nodules as items. Average P values of the items were calculated to estimate test difficulty.
Two main outcomes were measured, related to the two research questions:
1. Scroll behavior: for each case, the number of runs was determined. A run is defined by Venjakob et al. as a scroll movement in one direction that covers at least 50% of the total scan length, ignoring interruptions by any smaller scroll movements in the other direction (16) . Figure 2 presents an example of a scroll pattern with five runs, despite some interrupting smaller movements. The total scrolling time was also calculated for each case.
2. Perceptual performance: the average numbers of TP and false positives (FPs) of Tests 1, 2, and 3 were calculated for both groups. We were primarily interested in differences in TPs. FP numbers were also measured, given that an increase in TPs is sometimes achieved at the cost of an increase in FPs.
For both outcome measures, a mixed-design analysis of variance was used for the statistical analysis. The instructed search strategy (no scroll instruction, drilling instruction, or scanning instruction) was the within-subject factor. Betweensubject factors were study group (A or B) and year of training (first or second year of residency). Paired t tests were used for post hoc testing in normal distributed data and Wilcoxon signed-rank tests in non-normal distributed data.
Institutional Review Board Approval
The study was approved by the Institutional Review Board of the institution. Participation was voluntary and all participants gave written informed consent. This study did not involve protected health information.
RESULTS
Participants
After randomization, 9 participants were assigned to group A and 10 to group B, of which 4 in each group were secondyear residents.
Test Performance
Reliabilities of the tests were acceptable: Cronbach's α were 0.74, 0.82, and 0.84 for Tests 1, 2, and 3, respectively. Average P values were 0.49, 0.39 and 0.48, respectively. 
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Scroll Behavior
Median number of runs and scrolling time for each search strategy are provided in Table 2 .
There was no significant effect of study group or year of residency on the number of runs or time. There was a significant within-subject effect of search strategy on number of runs, F(1.3) = 54.2, P < 0.001, and on time, F(2) = 10.5, P < 0.001, indicating that the instructed search strategy significantly affected the amount of drilling and the time required to complete the task. There were no significant interaction effects for both outcomes ( Table 3) .
The number of runs was significantly lower after participants were instructed to scan (Mdn = 2, interquartile range [IQR] = 3), than after drilling instruction (Mdn = 10, IQR = 4), z = −3.8, P < 0.0, or when allowed to search as desired (Mdn = 10, IQR = 4), z = −3.8, P < 0.001. The participants' free search and drilling instructed search had similar amounts of drilling.
The scanning search required significantly less time compared to the free search (Mdn = 167.0, IQR = 96.6 vs Mdn = 219.6, IQR = 35.9), z = −3.6, P < 0.001, although the drilling search (Mdn = 208.0, IQR = 39.3) was not found to be significantly different from scanning, z = −1.4, P = 0.147, or free search, z = −1.9, P = 0.053.
Perceptual Performance
Mean numbers of TPs and FPs for each search strategy condition are given in Table 2 . There was a significant effect of year of residency on TP score, F(1) = 9.0, P < 0.01, although no significant effect on FP score (Table 4) . Withinsubject analysis shows a significant effect of instructed search strategy on the number of TPs, F(2) = 16.1, P < 0.001, and FPs, F(1.3) = 15.3, P < 0.001. Search strategy accounted for 51.8% of the variability in the number of TPs and 50.1% of the variability in the number of FPs. There were no significant interaction effects with the two between-subject factors, study group and year of residency, for both performance outcomes.
Pairwise analysis showed that drilling (M = 16.3, standard deviation [SD] = 5.3) and free search (M = 15.3, SD = 4.6) both resulted in significantly higher TP scores than scanning (M = 10.7, SD = 5.0); t(18) = 4.78, P < 0.001, and t(18) = 4.44, P < 0.001, respectively. TP scores of free search and drilling did not significantly differ. 
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For the FP scores, post hoc analysis revealed that free search (M = 12.5, SD = 7.8) resulted in significantly higher FP rates than drilling (M = 7.3, SD = 5.6), t(18) = 4.86, P < 0.001, and scanning (M = 5.6, SD 4.8), t(18) = 4.44, P < 0.001.
Questionnaire
The vast majority of participants (89%) agreed or totally agreed that reviewing chest CT scans in this research study using VQuest was substantially similar to clinical practice. Both instructional videos were found to provide sufficient instruction on using the search strategies by 95% of the participants.
After completing the free search test, all participants reported that they were aware of their search strategy when reading chest CT scans. Seventeen participants specified their search strategy and all were variants of drilling: 53% reported dividing the lungs into two, three, or four regions, and searched each region individually; the remainder searched lobe by lobe. In addition, seven participants (37%) built in an extra check of the edges of the lungs at the pleura, fissures, mediastinum, and hilar structures.
The drilling search strategy was not new for most participants-74% had heard about it whereas only 11% was familiar with the scanning search strategy. Participants felt that drilling led to a higher detection rate than scanning (M = 3.7 vs 1.8, z = 3.8, P < 0.001), and found drilling to be more time efficient (M = 4.2 vs 1.8, z = 3.6, P < 0.001) and easier to use continuously (M = 4.3 vs 1.9, z = 3.9, P < 0.001). Of all participants, 58% planned to use drilling as their new search strategy, which reportedly was different or somewhat different from the strategy they used before the study. The remainder preferred to keep using their own search strategy.
DISCUSSION
Search strategy instruction had a significant effect on both scroll behavior and perceptual performance. The scanning instruction decreased the number of long scroll movements and scrolling time. The drilling instruction did not alter scroll behavior significantly. However, the majority of participants reported already using some kind of drilling strategy at their free search. Perceptual performance following drilling search instructions outperformed performance following scanning search instructions in terms of TPs. Compared to a free search, the use of a drilling search strategy did not result in more TP findings. The study confirms our hypothesis that drilling outperforms scanning for detecting lung nodules, although drilling did not improve the baseline performance, probably explained by an a priori search strategy similar to drilling.
The benefit after drilling instruction may have been caused by initial habits of drilling and not by the instruction. Still, there was an improvement after instruction: it did reduce the number of FP findings, on top of an initial habit of a more productive drilling strategy at baseline. This improvement did not coincide with a decline in TP rate, whereas the scanning instruction reduced FP rate at the cost of TPs.
The decline in FP findings after instruction was an unexpected result, as the strategies were anticipated to improve actual detection rather than avoiding overcalls of nonnodule structures. The search strategy instruction may have induced a more focused attention and kept participants from being distracted by non-nodule structures. Another explanation may be that participants were more vigilant to mark any possible abnormality they found at the first test and became less attentive and less willing to spend extra time as the experiment proceeded, resulting in a drop of FPs in the second and third tests. FP findings have been associated with an increase in reading time, as previously found in breast cancer detection (17) .
None of the participants reported the use of scanning in their free search, nor did anyone show a scroll pattern that indicated scanning behavior. This differs from the study of Drew et al., reporting both "scanners" and "drillers" among radiologists in a lung nodule detection task, although scanners were in the minority (11) . Interestingly, in that study the scanners were less experienced readers than the drillers, which would raise the expectation of finding even more scanners among the junior residents in our study. Possibly the use of thin section scans intrinsically evokes a drilling search, as scanning simply takes too much time. Another way to deal with large numbers of thin slices is the use of maximum intensity projections, which have been shown to improve lung nodule detection accuracy (18) .
Our study has several limitations. First, the sample size of 19 participants is relatively small. However, each participant was asked to review multiple scans with multiple nodules, and indeed the study was powered to detect a difference as evidenced by our results. We do not expect that the main results would substantially change with a larger sample size, although subtle differences might have emerged in comparisons that were not statistically significantly different. Second, although we tried to equalize difficulty across the three tests by means of a test blueprint, Test 2 proved to be more difficult than the other two tests. The nonsignificant effect of the search strategy and study group interaction is probably due to this inequality in test difficulty that may have diminished the degree to which a participant could profit from the search strategy that was applied in the second test. This did not jeopardize our scanning versus drilling comparison, because the scanning and the drilling conditions were equally affected. However, it may have caused an underestimation of the effect of instruction on perceptual performance. Third, our study was specifically targeted to the detection of lung nodules (selected for a number of reasons); this means that we cannot generalize the results to other detection tasks. Finally, we only used scroll behavior and self-reports to estimate participants' search strategies, and did not apply eye tracking to further characterize visual attention. A higher drilling fraction does indicate more drilling, although we cannot further specify how participants divided the lung into regions and in which order.
Future research can be directed toward comparing scanning and drilling search strategies in other detection tasks, and also to exploring which type of drilling strategy would be optimal. For example, it would be helpful to compare drilling strategies dividing the lung into different numbers of regions, or to investigate if building in checks of the lung edges is beneficial.
CONCLUSION
Search strategy instruction can influence scroll behavior and perceptual performance of junior radiology residents completing a lung nodule detection task. In junior trainees, a drilling strategy yields a better perceptual performance than a scanning strategy. Teaching a scanning strategy further decreases the perceptual performance of junior radiology residents below their baseline performance. Teaching a drilling strategy for detecting lung nodules in chest CT scans is therefore preferable.
